The nucleosome is a fundamental repeating unit of chromatin and comprises a histone octamer, around which ∼146 bp of DNA is wrapped ([@r1]) together with linker DNA ([@r2]). Posttranslational modifications (PTMs) of histones play essential roles in transcription, replication, recombination, and DNA repair ([@r3]). Most PTMs occur in the disordered N-terminal tails (N-tails) of histones. Atomic detailed structures of nucleosomes have been established by X-ray crystallography ([@r1], [@r2]) and cryogenic electron microscopy, but most lack resolved histone tails. The dynamics and PTMs of histone tails have been studied by NMR spectroscopy ([@r4], [@r5]).

Using NMR, we have examined the dynamics of the H3 N-tail in nucleosomes with and without tetra-acetylation of H4 N-tails and compared H3 K14 acetylation rates by Gcn5. We report the finding that PTM of the H4 tail causes dynamical structural changes and modulates the dynamics of the H3 tail, which is followed in turn by its modification.

Result and Discussion {#s1}
=====================

Histone H3 N-Tail Dynamics Are Altered by Tetra-Acetylation of the Histone H4 N-Tail. {#s2}
-------------------------------------------------------------------------------------

Here, we used two kinds of nucleosomes comprising unmodified histones (Nuc) or histones with the H4 N-tail tetra-acetylated at K5, K8, K12, and K16 (H4acNuc) as found in transcriptionally active chromatin, wrapped around by 193-bp DNA containing a linker DNA ([@r6]), in which histone H3 was labeled by ^15^N/^13^C/^2^H and H4 was labeled by ^15^N/^13^C. The ^1^H--^15^N heteronuclear single quantum coherence (HSQC) spectra of the two nucleosomes are shown in [Fig. 1 *B* and *C*](#fig01){ref-type="fig"}, where the signals for residues R2-K36 of H3 (except for prolines), and residues of R3-A15 of H4 in Nuc or R3-K16 in H4acNuc are indicated in blue for Nuc and red for H4acNuc.

![Signal changes in the H3 N-tail caused by H4 N-tail tetra-acetylation. (*A*) Amino acid sequences of the H3 and H4 N-tails, with acetylated residues in red, and proline and unobserved residues in black. (*B*) Superposition of the ^1^H--^15^N HSQC spectra of H3 peptide (green), H3 peptide bound to DNA (orange), and H3 N-tails in Nuc (blue) and H4acNuc (red) at 25 mM NaCl. (*C*) Superposition of the ^1^H--^15^N HSQC spectra of H4 N-tails in Nuc (blue) and H4acNuc (red) at 25 mM NaCl. (*D*) Expanded spectra for 12 residues, revealing an additional minor peak. Each center has counter representations for the H3 N-tail in Nuc at 500 mM NaCl (black) and 25 mM NaCl (blue); the H3 N-tail in H4acNuc at 25 mM NaCl (red) with a minor peak (pink); and the H3 peptide bound to DNA (orange). Shown are 1D slices of S28 signals.](pnas.2010506117fig01){#fig01}

The signals of acetylated K5, K8, K12, and K16 in H4acNuc were clearly separated and apparently stronger than the corresponding unacetylated signals in Nuc, which showed no K16 signal. In addition, G9, L10, and G11 in H4acNuc showed two newly separated signals: One was close to the corresponding signal found in Nuc, whereas the other had clearly shifted ([Fig. 1*C*](#fig01){ref-type="fig"}).

These suggest that the H4 N-tail in Nuc adopts a DNA-contact state and that acetylation of the H4 N-tail changes into it dynamically from a DNA-contact state to a reduced-contact state or possibly a previously suggested unfolded state of the basic patch K16--R19, where NMR signals of residues R17--R19 were observed for a histone H4 K16Q mutant, a mimic of K16 acetylation, in the 167-bp *Drosophila* nucleosome ([@r7]). However, we could not detect peaks corresponding to R17--R19, possibly because of the undeuterated H4 histone.

Interestingly, in H4acNuc at 25 mM NaCl, residues T6, R8, L20, A21, A24--A29, T32, and V35 of the H3 N-tail showed an additional minor signal ([Fig. 1 *B* and *D*](#fig01){ref-type="fig"}); in [Fig. 1*D*](#fig01){ref-type="fig"}, the major and minor signals were compared with the corresponding signals of Nuc at 25 mM NaCl and at 500 mM NaCl. Clearly, all residues except for V35 showed a nearly linear arrangement of three colors from high to low field, with black near pink. This suggests that the major red signals correspond to the DNA-contact state and the minor pink signals to the reduced-contact state, while the blue signals are in dynamic equilibrium between the two states ([Fig. 1*D*](#fig01){ref-type="fig"}). Notably, the minor pink signals were significantly separated from the corresponding signals of the H3 peptide in its DNA-free state and were closer to those corresponding to its DNA-bound state ([Fig. 1 *B* and *D*](#fig01){ref-type="fig"}). In the nucleosome, the chemical environment of the H3 N-tail is surrounded by core and linker DNA even in the reduced-contact state.

Upon H4 acetylation, distinct chemical shift changes were observed around Q5--R8, Q19--A21, A24--S28, and T32 at lower NaCl concentrations, suggesting the presence of some segmental structures in the H3 N-tail, and markedly reduced to nearly zero at 300 mM NaCl ([Fig. 2*A*](#fig02){ref-type="fig"}). This indicates that the H3 N-tail contacts DNA more strongly in H4acNuc than in Nuc. At 25 mM NaCl, the heteronuclear nuclear Overhauser effect (NOE) values of the H3 N-tails in Nuc and H4acNuc were relatively high and positive for residues T3--K27 ([Fig. 2*B*](#fig02){ref-type="fig"}), suggesting an extended structure, whereas the negative values observed for residues S28--K36 suggested that it is a flexible linker. At 500 mM NaCl, all residues in Nuc had negative NOE values, indicating that the whole H3 N-tail adopts a flexible string in the absence of DNA-contact. On the basis of the NOE values of Nuc, the extended structure can be classified as structural segment 1 (S1, K4--S10), segment 2 (S2, R17--A21), and segment 3 (S3, T22--K27), with a linker (L1) connecting S1 to S2, and another (L2) connecting S3 to the core. These segmental characteristics are well correlated with the segmental chemical shift patterns stated above ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}). S1, S2, and S3 had higher NOE values compared with L1 and L2, and are likely to bind to DNA to restrict their dynamic motion.

![Dynamic changes in the H3 N-tail caused by H4 N-tail tetra-acetylation. (*A*) Chemical shift differences in the H3 N-tail between Nuc and H4acNuc at 25 mM NaCl (red), 50 mM NaCl (pink), 150 mM NaCl (green), 200 mM NaCl (cyan), and 300 mM NaCl (blue). (*B*) Backbone {^1^H}-^15^Nhetero NOE values of the H3 N-tail in H4acNuc at 25 mM NaCl (red), and in Nuc at 25 mM NaCl (blue), 150 mM NaCl (green), and 500 mM NaCl (black). (*C*) DNA interaction model for the S3 region of the H3 N-tail (blue) and H4 N-tail (green) in Nuc (*Upper*) and H4acNuc (*Lower*) (Protein Data Bank ID code 5nl0). (*D, Left*) Change in K14 and acetylated K14 signals in the H3 N-tail after addition of Gcn5 in Nuc and H4acNuc. (*Right*) Comparison of K14 acetylation in Nuc (blue line) and H4acNuc (red line) by time-resolved NMR spectroscopy.](pnas.2010506117fig02){#fig02}

Notably, for H4acNuc at 25 mM NaCl, all segments responsible for contacting DNA, together with residues T11, G13, and K14 in L1, had rather high positive NOE values, suggesting a more extended rod-like structure compared with the corresponding segments in Nuc. In the presence of H4 N-tail acetylation, therefore, the H3 N-tail contacts DNA much more strongly. The H4 N-tail can access the root position of the H3 N-tail (residues A24--A29) ([Fig. 2*C*](#fig02){ref-type="fig"}), corresponding to part of S3 and L2, which showed main and minor signals in H4acNuc; thus, acetylation of the H4 N-tail is likely to cause dynamic release from its DNA-contact state, enabling S3 to dynamically contact DNA, which was previously occupied by the H4 N-tail in Nuc, while S2 and S1 cooperatively increase the interaction with DNA ([Fig. 2*C*](#fig02){ref-type="fig"}). This may lead to a slower exchange rate between the main DNA-contact state and the minor reduced-contact state of the H3 N-tail in H4acNuc ([Fig. 1*D*](#fig01){ref-type="fig"}). Hyperacetylation of H4 has been shown to suppress the breathing motions of linker DNA, leading to closing of the DNA arms located 20 bp away from the exit of the nucleosome ([@r8]). In addition, the triplex formation of linker DNA is stabilized by the H3 N-tail and enhanced by deletion of the H4 N-tail ([@r9]), suggesting that the H4 N-tail inhibits the interaction of the H3 N-tail with linker DNA. Those observations are consistent with our present NMR results.

Efficiency of Histone H3 N-Tail Acetylation in H4acNuc. {#s3}
-------------------------------------------------------

Next, we examined the acetylation of H3 K14 in both Nuc and H4acNuc by the HAT domain of Gcn5 ([Fig. 2*D*](#fig02){ref-type="fig"}). The signal intensity for K14 was gradually reduced, while the signal for acetylated K14 appeared ([Fig. 2*D*](#fig02){ref-type="fig"}), showing that the acetylation rate was faster in H4acNuc than that in Nuc. In the crystal structure of Gcn5 bound to a H3 N-tail peptide, the G13--Q19 region adopts a rather extended random coil structure in the Gcn5 HAT domain cleft ([@r10]). The motion of the G13--Q19 region of H4acNuc was restricted relative to the corresponding region of Nuc ([Fig. 2*B*](#fig02){ref-type="fig"}); this rather extended structure is more likely to be responsible for the recognition of Gcn5 than the flexible L1 linker around K14 in Nuc. This is consistent with the observation that acetylation of H4 at K16 enhances H3 N-tail acetylation by bromodomain-defective Gcn5 ([@r11]), and also that acetylation of H4 K8 and H3 K14 is strongly correlated in transcribing regions ([@r12]). Collectively, our findings indicate that modification of the H4 N-tail influences modification of the H3 N-tail. In this sense, histone tails form a dynamic network for regulating their modification even on the nucleosome. Similar to the H3 N-tail and H4 N-tail, the H3 N-tail and H2A C-tail may also interact dynamically with each other via DNA. It will be interesting to elucidate the cross talk between modifications of the H2A C-tail and H3 N-tail by NMR in a future study.

Materials and Methods {#s4}
=====================

The ^13^C/^15^N-labeled or unlabeled H4 and acetyl-lysine (Taiyo Nissan Company)-incorporated H4 proteins were synthesized by cell-free protein synthesis ([@r6]). The H4-acetylated and unmodified nucleosomes were reconstituted as described ([@r13]). NMR experiments were performed on AVANCE 600-MHz and AVANCE III HD 950-MHz spectrometers with a triple-resonance TCI cryogenic probe (Bruker Bio Spin) at 298 K using 20--80 μM samples dissolved in 25 mM MES (pH 6.0), 1 mM DTT, and 5% D~2~O. Three-dimensional (3D) transverse relaxation optimized spectroscopy experiments were measured for sequential assignment of the backbone of H3 and H4 N-tails in nucleosomes. NMR data were processed by NMRPipe, and signal assignments were performed with Magro and NMR View ([@r14]). Chemical shift differences were calculated as \[(ΔHN)^2^ + (ΔN/5)^2^\]^1/2^. {^1^H}-^15^N heteronuclear NOE experiments of ^2^H,^15^N-labeled H3 in the nucleosome were performed on AVANCE 600-MHz spectrometer. Acetylation of nucleosomes (20 μM) with or without acetylated H4 were carried out in 25 mM NaPB (pH 6.8), 25 mM NaCl, 2 mM DTT, and 5% D~2~O with 250 μM acetyl-CoA and 100 nM Gcn5 (Enzo Life Sciences) at 303 K.
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Data Availability. {#s5}
==================

NMR chemical shift data have been deposited in the Biological Magnetic Resonance Data Bank (accession no. [50367](http://www.bmrb.wisc.edu/data_library/summary/index.php?bmrbId=50367)).
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